Multiple hereditary exostoses (MHE), also known as multiple osteochondromas (MO), is an autosomal dominant disorder characterized by the development of multiple cartilage-capped bone tumors (osteochondromas). The large majority of patients with MHE carry loss-of-function mutations in the EXT1 or EXT2 gene, which encodes a glycosyltransferase essential for heparan sulfate (HS) biosynthesis. Increasing evidence suggests that enhanced bone morphogenetic protein (BMP) signaling resulting from loss of HS expression plays a role in osteochondroma formation in MHE. Palovarotene (PVO) is a retinoic acid receptor g selective agonist, which is being investigated as a potential drug for fibrodysplasia ossificans progressiva (FOP), another genetic bone disorder with features that overlap with those of MHE. Here we show that PVO inhibits osteochondroma formation in the Fsp1
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M
ultiple hereditary exostoses (MHE; OMIM 133700/133701), also called multiple osteochondromas (MO), is a rare genetic bone disorder characterized by the development of numerous benign bone tumors (osteochondromas) with an estimated prevalence of at least 1 in 50,000. (1, 2) The majority ($90%) of patients with MHE carry heterozygous loss-offunction mutations of EXT1 or EXT2 genes.
(1) EXT1 and EXT2 are essential for the biosynthesis of heparan sulfate (HS), a sulfate glycosaminoglycan. EXT1 is a glycosyltransferase catalyzing the elongation of HS chains, whereas EXT2 acts as a chaperone for EXT1. (3) HS plays physiological roles in diverse developmental processes by modulating function of various growth factors and morphogens, (4) with endochondral ossification being one such developmental process in which HS plays a particularly important role. (5, 6) Accumulating evidence suggests that aberrantly enhanced BMP signaling, resulting from the loss of HS expression in mesenchymal progenitor cells in the perichondrium, is the key molecular culprit underlying osteochondroma formation in MHE. (7) (8) (9) Although osteochondromas themselves are not malignant, they can cause a variety of skeletal problems, including bone deformity and shortening, malalignment, and limitation of joint mobility. (10) Osteochondromas also tend to impinge on and compress soft tissue and nerves, causing local and generalized pain. (11) Moreover, there is a small but not negligible risk of malignant transformation into chondrosarcoma and other sarcomas.
(1) Because of these problems, patients with MHE often require multiple surgeries to remove osteochondromas and to correct bone deformity such as limb-length inequalities and malalignment. (12) Currently, surgical resection of existing osteochondromas is essentially the only treatment for MHE. (13) Toward the development of pharmacological therapy for MHE, we and others have previously reported that LDN-193189, a bone morphogenetic protein (BMP) type I receptor inhibitor, (14) reduces osteochondroma formation in MHE mouse models. (8, 9) In this study, we test another potential drug for MHE, palovarotene (PVO). PVO is a retinoic acid receptor g (RARg) selective agonist that was originally in development as a possible drug for emphysema. (15) A phase 2 clinical trial based on this indication has demonstrated the excellent safety profile of PVO. (16) In 2011, Shimono and colleagues (17) reported that RARg selective agonists, including PVO, are potent inhibitors of heterotopic ossification, suggesting potential therapeutic benefits of PVO in fibrodysplasia ossificans progressiva (FOP), a rare genetic disease characterized by heterotopic ossification. (18) FOP is caused by an activating mutation in the BMP type I receptor ACVR1 (also known as ALK2), (19) and chemical inhibitors of BMP type I receptor signaling reduce heterotopic ossification. (20) Although the mechanism of action by which PVO reduces heterotopic ossification has not been completely elucidated, it is mediated, at least partly, by inhibition of BMP signaling. (17) Although the prevalence and clinical phenotype are quite distinct, MHE and FOP share several phenotypic and mechanistic similarities. For example, FOP patients tend to develop MHE-like osteochondromas. (21) Mechanistically, FOP is caused by constitutive activation of BMP signaling, whereas excessive BMP signaling due to loss of HS is a contributing factor for osteochondroma formation. (7) (8) (9) These observations led us to hypothesize that PVO might inhibit osteochondroma formation in MHE. Here we show the results of a preclinical study to test the efficacy of PVO on osteochondroma formation in a mouse model of MHE. Our results demonstrate that PVO is a remarkably potent inhibitor of osteochondroma formation. Our results also suggest that this activity of PVO is mediated by restoring the normal pattern of fate determination of perichondrial progenitor cells via attenuation of BMP signaling.
Materials and Methods
Mice
Perichondrium-targeted conditional Ext1 knockout mice (Fsp1
Cre ;Ext1 flox/flox ) were generated by crossing mice carrying the Ext1 flox allele (22) and the Fsp1 Cre transgene. (23) Rosa26-tdTomato (R26 tdTomato ) mice (24) were obtained from The Jackson Laboratory (Bar Harbor, ME, USA; stock no. 007909). Genotyping of the mice was performed by PCR as described previously. (8, 25) All mouse lines used in this study were in 100% C57Bl/6J background. Animals were housed in solid-bottom, microisolater cages in ventilated racks under a 12-hour light/dark cycle and fed standard laboratory chow (Irradiated 2018 Teklad Global 18% Protein Rodent Diet, Envigo Laboratories, Madison, WI, USA) ad libitum. All animal procedures were performed in accordance with NIH Guide for the Care and Use of Laboratory Animals and approved by the IACUC of the Sanford Burnham Prebys Medical Discovery Institute.
Drug treatment
Mice
Fsp1
Cre ;Ext1 flox/flox mice used in this study were produced from 25 mating pairs of Fsp1
Cre ;Ext1 flox/+ male and Ext1 flox/flox female mice. Offspring from these mating pairs were genotyped using tail DNA by PCR at postnatal day (P) 7. We conducted two PVO treatment experiments that differed in the timing and duration of treatment. In experiment 1, mice received daily oral gavage of PVO starting at P14 for 4 weeks (P14-42), whereas in experiment 2, mice received daily oral gavage starting at P21 for 3 weeks (P21-42). In both experiments, four groups of mice were given either 1.76, 0.88, 0.27, or 0 (vehicle control) mg/kg/d of PVO. Upon genotyping, Fsp1
Cre ;Ext1 flox/flox mice were randomized using the random number calculator of GraphPad software (GraphPad, La Jolla, CA, USA) and assigned to the above treatment groups according to the randomization list. The number of mice assigned to these experimental groups is described in Supplemental Table S1 . There were no animal deaths during the treatment period (found dead or euthanized for humane reasons) in any of the experimental arms. Two mice were initially assigned but subsequently excluded from data analysis because of an incorrect determination of genotype. One mouse was excluded because of an incorrect treatment protocol applied to it during the study.
Palovarotene administration
Dosing formulations of PVO were prepared by Clementia Pharmaceuticals Inc. (Montreal, Canada) and shipped to the Yamaguchi laboratory frozen as ready-to-use daily coded aliquots, which were kept at À20°C until use. Dosing formulations of PVO (0.0449, 1.47, and 2.94 mg/mL) were prepared by diluting a stock solution of PVO (10 mg/mL in DMSO) with corn oil. The control dosing formulation (vehicle) was 2.94% DMSO in corn oil. On the day of dosing, the appropriate number of aliquots were removed from the freezer and allowed to thaw at room temperature. Daily dosing of PVO or vehicle was performed by oral gavage. The dose volume was set at 6 mL/kg and based on the body weight measurement of each animal just before dosing. The oral doses were given to conscious, nonanesthetized animals using a syringe with attached gavage cannula. Personnel performing these procedures were blinded to the identity of the formulation throughout the drug treatment period. During the course of the experiment, mice were monitored daily for signs of distress, including general conditions and behavior.
Analysis of mice
At the end of the treatment period, mice were euthanized and genotyped again to confirm the genotypes. Carcasses were processed for whole-mount skeletal preparations, in which the number of osteochondromas and other bone phenotypes were examined. Briefly, under a stereoscopic microscope, discrete protrusions with alcian blue-positive cartilage cap were identified and their number was counted in 12 ribs (the 1st rib bone was excluded from the analysis) and in five major limb long bones (ulna, radius, humerus, femur, tibia) of the right hemi-skeleton. Longitudinal lengths were measured for the ulna, radius, humerus, femur, and tibia using ImageJ processing of microphotographs taken with a CCD camera.
Whole-mount skeletal preparation, histology, and immunohistochemistry Whole-mount skeletal preparations were prepared as described previously. (8) For histology and immunohistochemistry, tissue specimens were fixed in 4% paraformaldehyde in PBS, decalcified in EDTA, and frozen in SCEM compound (Section-Lab, Hiroshima, Hiroshima, Japan). The cut surface was covered with an adhesive film (Cryofilm type IIC9, Section-Lab) and sections (5 mm) were cut with a microtome (CM3050 Leica Microsystems, Wetzlar, Germany). (8) For Safranin O staining, frozen sections were stained in 0.02% aqueous Fast Green, rinsed in 1% acetic acid, and stained with 0.1% aqueous Safranin O. For immunostaining, frozen sections were blocked with PBS containing 5% donkey serum and 0.3% Triton X-100. Sections were then incubated overnight at 4°C with primary antibodies, followed by detection with secondary antibodies at dilutions recommended by manufacturers. Nuclei were stained by 4 0 ,6-diamidino-2-phenylindole (DAPI; Invitrogen, Eugene, OR, USA). For staining with the anti-type II collagen, sections were pretreated with hyaluronidase (2 U/mL; SigmaAldrich, St. Louis, MO, USA) for 2 hours at 37°C. 
BrdU labeling
Mice were injected with BrdU (0.1 mg/g, ip), euthanized 3 hours later, and sections of bones were prepared as described above.
After treatment with 0.1% trypsin (for 1 hour at 37°C) and 1 N hydrochloric acid (for 30 minutes at 37°C), sections were stained with rat monoclonal anti-BrdU antibody (cat. no. GTX26326; Gene Tex, San Antonio, TX, USA) and DAPI. The ratio of proliferating cells was determined by dividing the number of BrdU þ cells by the number of DAPI-stained nuclei in the proliferative zone of the growth plate and in the cartilage cap of osteochondromas.
Cell culture and Western blotting Isolation of perichondrial mesenchymal progenitor cells (PDPCs) from Ext1
flox/flox mice and in vitro ablation of Ext1 by Cre-IRESPuro lentivirus were described previously. (8) Western blotting was performed with rabbit polyclonal anti-phospho-Smad1/5/8 antibody (described above), rabbit polyclonal anti-Smad1/5/8 (cat. no. sc-6031-R) from Santa Cruz Biotechnology (Dallas, TX, USA), and mouse monoclonal anti-a-tubulin antibody (cat. no. T6074) from Sigma-Aldrich.
Statistical analysis
Statistical methods were not used to predetermine sample size. Statistical analyses were performed with GraphPad Prism 7. Unpaired Student's two-sided t test with Welch's correction, one-way ANOVA, and two-way ANOVA were used under the assumption of normal distribution and observance of similar variance. Bonferroni post hoc analysis was performed where applicable. Values are expressed as means. In all experiments, intergroup variances were similar and data were symmetrically distributed. Data shown are representative images; each analysis was performed on at least three mice per genotype. Immunostaining was performed at least in triplicate. For other experiments, the numbers of biological replicates, animals, or cells are indicated in the text. Images shown are representative of the entire data set.
Results
Validation of the Fsp1
Cre ;Ext1 flox/flox model for preclinical testing of PVO There are several mouse models for MHE. Ext1 +/-and Ext2 +/-mice recapitulate human MHE genotypes, but they develop osteochondromas in less than 30% of animals, (26, 27) far lower than the nearly complete penetrance of osteochondroma formation in human MHE.
(1) Moreover, unlike human MHE, these heterozygous mice develop osteochondromas only in rib bones. (26) Ext1 +/-;Ext2
compound heterozygotes develop osteochondromas in long bones as well as in rib bones, while the penetrance of osteochondroma formation is still not complete. (28) In contrast, conditional knockout mo u sem o de l st ar ge te dtoc h o n dr o c yt es (25, 29) and perichondrial cells (8) develop multiple osteochondromas both in long and rib bones at 100% penetrance. For this study, we used the Fsp1
Cre ;Ext1 flox/flox perichondrium-targeted conditional knockout model, (8) which not only develop multiple osteochondromas at 100% penetrance but also grow normally and s u r v i v em o r et h a n1y e a r . (8) These features make Fsp1 Cre ; Ext1 flox/flox mice excellent hosts for long-term drug treatment studies.
Generation and characterization of Fsp1 Cre ;Ext1 flox/flox mice have been reported. (8) For this study, we performed additional characterization to further validate the model for use in the PVO treatment study. First, the time course of osteochondroma development was analyzed in Fsp1
Cre ;Ext1 flox/flox mice (Supplemental Fig. S1 ). At P14, no osteochondromas were observed in either the femur or ribs. Ectopic clusters of chondrocytes, which are thought to be the "seeds" of osteochondromas, were first detected at around P21. By P42, Fsp1
Cre ;Ext1 flox/flox mice exhibit full-blown osteochondroma formation. Second, we ascertained that PVO treatment does not alter the efficiency or spatial pattern of Fsp1
Cre -mediated recombination using the R26 tdTomato reporter gene. (24) Fsp1 Cre ;R26 tdTomato mice were treated daily with 1.76 mg/kg of PVO or vehicle from P21 to P42. There were no differences in the number and distribution of tdTomato þ cells between PVO-and vehicle-treated Fsp1
Cre ;R26 tdTomato mice (Supplemental Fig. S2 ), confirming the validity of this model for the PVO treatment experiments.
PVO treatment inhibits osteochondroma formation
In the first set of experiments (experiment 1), Fsp1
Cre ;Ext1 flox/flox mice were treated with PVO daily from P14 to P42. Four groups of Fsp1 Cre ;Ext1 flox/flox mice were given daily oral gavage of 0.27 ("low dose"), 0.88 ("medium dose"), 1.76 ("high dose") mg/kg of PVO or vehicle ("vehicle") ( Fig. 1A-D) . In this cohort, there were no animal deaths during the treatment period (found dead or euthanized for humane reasons). In the vehicle-treated group, the total number of osteochondromas in five major limb long bones (humerus, radius, ulna, femur, and tibia) was 58.5 AE 8.2. In comparison, the numbers of long bone osteochondromas in the low-, medium-, and high-dose groups were 25.3 AE 3.4 (56.8% reduction), 9.0 AE 3.3 (84.6% reduction), and 5.2 AE 1.1 (91.1% reduction), respectively (Fig. 1A) . The number of osteochondromas in ribs was similarly reduced by PVO in a dosedependent manner (Fig. 1B) . (Actual data on the number of osteochondromas and the length of limb bones are presented in Supplemental Table S1 .) Representative images depicting osteochondromas in these groups are shown in Fig. 1I . Although the inhibitory effect on osteochondroma formation was remarkable, PVO treatment also inhibited the longitudinal growth of long bones by up to 21.8% in the high-and mediumdose groups (Fig. 1C, D ; Supplemental Table S1) in this protocol starting at P14.
A previous study reported that PVO administered to 1-monthold FOP mice does not inhibit bone growth, (30) suggesting that the observed effect on long bone growth is dependent on the age of mice. To determine if delaying the initiation of PVO treatment can alleviate the inhibitory effect, a second experiment was performed using PVO treatment from P21 to P42 (experiment 2). As in the first cohort, there were no animal deaths during the treatment period. With this delayed protocol, the total number of osteochondromas in the five long bones was still significantly reduced by 32.0%, 67.8%, and 88.4% in low-, medium-, and high-dose groups, respectively (Fig. 1E) . The total number of osteochondromas in ribs was similarly reduced by PVO (Fig. 1F) . Remarkably, with delayed PVO administration, there were no differences in the length of long bones ( Fig. 1G, H ; Supplemental Table S1 ). Together, the results from these two drug treatment experiments demonstrate that PVO has a significant effect in suppressing osteochondroma formation in Fsp1
Cre ;Ext1 flox/flox mice and that the inhibitory effect of PVO on bone growth can be alleviated by delaying the initiation of treatment.
Analysis of PVO effects at the histological level
Sections of femurs and ribs from the high-dose group of experiment 2 (1.76 mg/kg/d, P21-P42) were analyzed at the histological level on P42 for the effect of PVO. Safranin O staining reveals numerous ectopic clusters of chondrocytes as well as overgrowth of growth plate cartilage in vehicle-treated Fsp1
Cre ; Ext1 flox/flox mice (Fig. 2C, G) . In comparison, PVO-treated Fsp1 Cre ; Ext1 flox/flox mice are largely free of osteochondromas both in long and rib bones (Fig. 2D, H) , although ectopic clusters of chondrocytes were occasionally found in the perichondrium and periosteum (arrowheads). In addition, PVO treatment appears to have a normalizing effect on the growth plate. In vehicle-treated Fsp1
Cre ;Ext1 flox/flox mice, the growth plate has a .6%, and 91.1%, respectively, in long bones (A) and by 57.5%, 81.8%, and 90.8%, respectively, in ribs (B). With this treatment protocol (ie, P14-42), the longitudinal length of long bones was reduced by up to 21.8% (C, D). In experiment 2, the mean number of osteochondromas in the 0.27, 0.88, or 1.76 mg/kg/d groups in comparison with the vehicle group was reduced by 32.0%, 67.8%, and 88.4%, respectively, in long bones (E) and by 34.1%, 54.6%, and 77.6%, respectively, in ribs (F). With this treatment protocol (ie, P21-42), PVO showed no inhibitory effect on the longitudinal growth of long bones (G, H). See also Supplemental Table S1 for the summary of all data from these drug treatment experiments, including the data on the ulna, radius, and humerus, which are not shown in this figure. Ã p < 0.05, ÃÃÃ p < 0.001 by one-way ANOVA followed by Bonferroni's post hoc test. n.s. ¼ not significant. (I) Representative images of hindlimbs and ribs in the indicated treatment groups. Scale bars ¼ 0.1 mm.
wavy appearance with irregular thickness (Fig. 2C ; CKO/Vehicle in Fig. 2I ). In PVO-treated Fsp1
Cre ;Ext1 flox/flox mice, the normal structural organization of the growth plate is partially restored ( Fig. 2D ; CKO/PVO in Fig. 2I ). Of note, PVO does not have adverse effect on the growth plate in WT mice (Fig. 2B , WT/PVO in Fig. 2I ).
We also examined the effect of PVO on chondrocyte proliferation in the growth plate and osteochondromas using a BrdU incorporation assay. The percentage of BrdU þ cells relative to the total DAPI þ nuclei was not different between vehicle-treated and PVO-treated groups either in the growth plate or in the cartilage cap of osteochondromas (Fig. 2J), suggesting that PVO's osteochondroma-suppressive effect is not due to the inhibition of chondrocytes proliferation.
PVO rectifies aberrant differentiation of Ext1-deficient progenitor cells
We previously reported that Ext1-deficient progenitor cells in the perichondrium undergo aberrant differentiation into chondrocytes and that these ectopic chondrocytes serve as seeds of osteochondromas. (8) To examine the possibility that PVO modulates this process, we analyzed the early phase of osteochondroma development by fate mapping. For this purpose, we generated Fsp1 Cre ;R26 tdTomato ;Ext1 flox/flox triple compound mice, which were treated with PVO (1.76 mg/kg/d) or vehicle and analyzed for the behavior of tdTomato þ cells. As a reference, vehicle-treated Fsp1
Cre ;R26 tdTomato (ie, no Ext1 ablation) mice were also analyzed in the same manner.
In ribs of the reference mice (Fig. 3A) , tdTomato þ cells (which are Ext1 +/+ ) were found in the perichondrium, periosteum, and bone trabeculae, with good colocalization of tdTomato and CD44 signals. In contrast, tdTomato and type II collagen (Col2) signals showed essentially no colocalization. Because CD44 marks mesenchymal stem cells (MSCs) and cells of the osteoblastic lineage in developing bones, (31) these results indicate that wild-type (Ext1 +/+ ) progenitor cells maintain the property of MSCs and that their progeny primarily differentiate along the osteoblastic lineage. In Fsp1
Cre ;R26 tdTomato ;Ext1 flox/flox mice (Fig. 3B) , on the other hand, tdTomato þ cells were observed within ectopic clusters of chondrocytes (arrowheads), with little colocalization between tdTomato and CD44 signals in the perichondrium and periosteum. This suggests that progenitor cells lacking Ext1 alter their fate and form ectopic chondrocyte clusters in the perichondrium and periosteum. This observation is further supported by the colocalization of tdTomato and Col2 signals in these ectopic chondrocyte clusters (Fig. 3B) .
Effects of PVO on this aberrant fate determination were analyzed in Fsp1
Cre ;R26 tdTomato ;Ext1 flox/flox mice treated by PVO. Here, the distribution of tdTomato þ cells was largely reversed compared with that found in reference mice, and the colocalization of tdTomato and CD44 signals was restored (Fig. 3C) . These results indicate that PVO has the effect of rectifying the aberrant fate determination of Ext1-deficient progenitor cells during the early phase of osteochondroma development.
PVO attenuates enhanced BMP signaling in Ext1-deficient perichondrial cells Although PVO, as an agonist of retinoid signaling, potentially regulates multiple pathways, it has been suggested that the inhibitory effect of PVO on heterotopic ossification is mediated by the attenuation of BMP signaling. (17) In addition, increasing evidence in mice indicates that osteochondroma formation is mediated by enhanced BMP signaling in mesenchymal progenitor cells in the perichondrium.
(7-9) Therefore, we asked whether PVO modulates BMP signaling in Fsp1
Cre ;R26 tdTomato ; Ext1 flox/flox mice (the R26 tdTomato reporter gene is included in these mice to confirm the occurrence of recombination). Immunostaining of ribs with anti-phospho-Smad1/5/8 Fig. 4A, B) , consistent with our previous finding. (8) On the other hand, in PVO-treated Fsp1
Cre ;R26 tdTomato ;Ext1 flox/flox mice, pSmad1/5/8 immunoreactivity was significantly reduced to a level similar to that found in wild-type mice (CKO/PVO in Fig. 4A, B) , indicating that PVO does attenuate enhanced BMP signaling in the Ext1-deficient perichondrium/periosteum. This observation was further corroborated by in vitro analysis using primary cultures of perichondrium-derived mesenchymal progenitor cells (PDPCs). (8) As shown in Fig. 4C , BMP2-mediated Smad1/5/8 phosphorylation was attenuated by PVO treatment both in wildtype and Ext1-deficient PDPCs. Together, these results demonstrate that PVO inhibits BMP signaling in mesenchymal progenitor cells in the perichondrium. This suggests that the osteochondroma-suppressive effect of PVO is at least partly attributable to its attenuation of the enhanced BMP signaling that occurs in Ext1-deficient cells.
Discussion
This study investigated whether PVO has the ability to inhibit osteochondroma formation in a mouse model of MHE. PVO has ) and wildtype (WT) PDPCs in monolayer cultures were pretreated with 1 mM PVO in DMSO or DMSO only for 48 hours. Then, cells were incubated with 10 ng/mL BMP2 for 30 minutes and lysed. Cell lysates were immunoblotted with antibodies to pSmad1/5/8, total Smad1/5/8, and a-tubulin. This experiment was performed three times with similar results. been shown to suppress heterotopic ossification in mouse models of FOP, an effect that is mediated, at least partly, by attenuation of excessive BMP signaling due to constitutively active mutations of the BMP receptor ACVR1. (17, 32, 33) Because increasing evidence suggests that enhanced BMP signaling also contributes to osteochondroma formation in MHE mouse models, (7) (8) (9) we postulate that PVO could suppress osteochondroma formation in MHE. This study demonstrates that PVO is a potent inhibitor of osteochondroma formation in the Fsp1
Cre ; Ext1 flox/flox model of MHE. We have previously reported that treatment with the small molecule BMP inhibitor LDN-193189 suppresses osteochondroma formation in Fsp1
Cre ;Ext1 flox/flox mice, (8) the same model used in this study. It is noteworthy that the osteochondromasuppressive effect of orally administered PVO is substantially greater than that of LDN-193189 administered intraperitoneally. For example, our previous study showed that the number of rib osteochondromas in Fsp1
Cre ;Ext1 flox/flox mice was reduced by 52.5% with 10 mg/kg/d LDN-193189, ip for 4 weeks (P14-P42). (8) In comparison, 0.88 mg/kg/d PVO po during the same period reduced the number of rib osteochondromas by 81.8% (Supplemental Table S1 ). Although it is possible that the dose of LDN-193189 used in the previous study was suboptimal, the effect of PVO nevertheless appears remarkable in comparison. It remains to be determined why PVO is more potent than the inhibitor that specifically targets BMP signaling. It is possible that PVO also acts on a non-BMP pathway(s) that influences fate determination of perichondrial progenitor cells. The possible toxicity and side effects of PVO in humans has been characterized extensively, which indicates that PVO is generally well tolerated in both healthy volunteers and patients with emphysema. (15) Our current results also show that PVO exerts little adverse effect on the overall health of mice. Together, these observations suggest that PVO possesses more favorable features than LDN-193189 as a therapeutic and/or preventive agent for human MHE.
Our results demonstrate that PVO inhibits the longitudinal growth of long bones when treatment is initiated at P14 at the medium and high doses (Fig. 1C, D) . This observation is consistent with known effects of retinoic acid on the developing skeleton. (34) Interestingly, this inhibitory effect is almost entirely abrogated by delaying the initiation of treatment to P21 (Fig. 1G,  H) . This suggests the presence of a "critical period" for the emergence of this adverse effect of PVO and that once past this period, PVO does not affect long bone growth. Consistent with this notion, it has been reported that PVO administered to 1-month-old FOP mice does not inhibit bone growth. (30) Therefore, the timing and dosage of PVO intervention would be important considerations in the further development of PVO as a possible therapy for MHE.
Although elucidation of the mechanism of action by which PVO suppresses osteochondroma formation is not a primary goal of this study, our data provide some insight into this issue. First, our fate mapping analysis revealed a striking effect of PVO to rectify aberrant chondrogenic fate determination of Ext1-deficient progenitor cells (Fig. 3) , whereas PVO does not show appreciable inhibitory effects on cell proliferation (Fig. 2J ). This suggests that PVO's osteochondroma-suppressive activity is mediated primarily by its effect on fate determination of progenitor cells, rather than an effect on the proliferation of chondrocytes. The observed effect of PVO to suppress chondrogenic fate determination appears to be in line with the previous report that RARg agonists suppress chondrogenic differentiation of cultured limb mesenchymal cells. (17) Second, we found that PVO attenuates BMP signaling in Ext1-deficient perichondrial progenitor cells in vivo and in vitro (Fig. 4) . As mentioned above, inhibition of BMP signaling with LDN-193189 has been shown to suppress osteochondroma formation in three different MHE mouse models. (8, 9) Thus, although PVO likely modulates multiple pathways, not limited to the canonical BMP pathway, it seems fair to speculate that the osteochondromasuppressive effect of PVO is mediated mainly by its inhibitory effect on BMP signaling. In this context, it is interesting that retinoic acid has been shown to reduce BMP signaling via degradation of phosphorylated Smad1 in mouse embryonic carcinoma cells. (35) It remains to be determined whether PVO attenuates BMP signaling by this mechanism.
In conclusion, this study presents evidence that PVO suppresses osteochondroma formation in a mouse model of MHE. While there remain several unresolved issues, such as the efficacy in different mouse models and the effect on preexisting osteochondromas, we believe that these data support further preclinical and clinical investigations of PVO as a potential therapeutic agent for MHE.
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